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An  epoxyalkaneicoenzyme  M  (CoM)  transferase  (EaCoMT)  enzyme  was  recently  found  to  be  active  in  the 
aerobic  vinyl  chloride  (VC)  and  ethene  assimilation  pathways  of  Mycobacterium  strain  JS60.  In  the  present 
study,  EaCoMT  activity  and  genes  were  investigated  in  10  different  mycobacteria  isolated  on  VC  or  ethene  from 
diverse  environmental  samples.  In  all  cases,  epoxyethane  metabolism  in  cell  extracts  was  dependent  on  CoM, 
with  average  specific  activities  of  EaCoMT  between  380  and  2,910  nmol/min/mg  of  protein.  PCR  with  primers 
based  on  conserved  regions  of  EaCoMT  genes  from  Mycobacterium  strain  JS60  and  the  propene  oxidizers 
Xanthobacter  strain  Py2  and  Rhodococcus  strain  B-276  yielded  fragments  (834  bp)  of  EaCoMT  genes  from  all 
of  the  VC-  and  ethene-assimilating  isolates.  The  Mycobacterium  EaCoMT  genes  form  a  distinct  cluster  and  are 
more  closely  related  to  the  EaCoMT  of  Rhodococcus  strain  B-276  than  that  of  Xanthobacter  strain  Py2.  The 
incongruence  of  the  EaCoMT  and  16S  rRNA  gene  trees  and  the  fact  that  isolates  from  geographically  distant 
locations  possessed  almost  identical  EaCoMT  genes  suggest  that  lateral  transfer  of  EaCoMT  among  the 
Mycobacterium  strains  has  occurred.  Pulsed-field  gel  electrophoresis  revealed  large  linear  plasmids  (110  to  330 
kb)  in  all  of  the  VC-degrading  strains.  In  Southern  blotting  experiments,  the  strain  JS60  EaCoMT  gene 
hybridized  to  many  of  the  plasmids.  The  CoM-mediated  pathway  of  epoxide  metabolism  appears  to  be 
universal  in  alkene-assimilating  mycobacteria,  possibly  because  of  plasmid-mediated  lateral  gene  transfer. 


Aerobic  bacteria  that  grow  on  ethene  and  vinyl  chloride 
(VC)  are  widely  distributed  in  the  environment  and  have  at¬ 
tracted  interest  because  of  their  potential  applications  in  biore¬ 
mediation  and  biocatalysis  (5,  6,  11,  12,  32,  33).  The  first  step 
in  ethene  and  VC  assimilation  is  known  to  be  a  monooxygen¬ 
ase  reaction  yielding  epoxyethane  from  ethene  (5,  7)  and  chlo- 
rooxirane  from  VC  (12,  33),  but  the  downstream  pathways  are 
not  well  understood.  Our  recent  work  (5a)  has  revealed  that  an 
epoxyalkaneicoenzyme  M  (CoM)  transferase  (EaCoMT)  en¬ 
zyme  is  involved  in  epoxyethane  and  chlorooxirane  metabolism 
in  Mycobacterium  strain  JS60,  a  strain  isolated  from  contami¬ 
nated  groundwater  by  enrichment  on  VC  as  the  sole  carbon 
source  (5).  The  EaCoMT  reaction  is  a  key  step  that  channels 
the  initial  intermediates  into  central  metabolic  pathways  and 
also  guards  against  the  accumulation  of  highly  toxic  and  reac¬ 
tive  epoxides  in  the  cytoplasm. 

EaCoMT  enzymes  have  previously  been  found  only  in  the 
propene-oxidizing  bacteria  Xanthobacter  strain  Py2  and 
Rhodococcus  strain  B-276.  In  such  strains,  EaCoMT  is  part  of 
an  unusual  epoxide  carboxylase  enzyme  complex  consisting  of 
EaCoMT,  two  stereoselective  dehydrogenases,  and  an  oxi- 
doreductase/carboxylase  (1,  2,  9,  16).  In  addition  to  unique 
biochemical  reactions,  the  propene  assimilation  pathway  is 
also  distinguished  by  unusual  genetic  elements.  In  both  strains 
Py2  and  B-276,  the  propene  monooxygenase  genes  are  carried 
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on  linear  megaplasmids,  and  in  strain  Py2,  the  epoxide  carbox¬ 
ylase  system  and  CoM  biosynthesis  genes  are  also  plasmid 
borne  (18,  26). 

As  part  of  the  study  that  yielded  strain  JS60,  we  isolated 
many  other  mycobacteria  that  grew  on  VC  (5).  It  is  not  known 
whether  these  isolates  or  similar  Mycobacterium  strains  iso¬ 
lated  on  ethene  (6,  7)  possess  EaCoMT  enzymes.  The  rela¬ 
tionship  between  strains  isolated  on  VC  and  ethene  is  unclear, 
and  the  role  of  factors  such  as  site  contamination  and  geogra¬ 
phy  in  the  dissemination  and  evolution  of  both  groups  is  un¬ 
known.  On  the  basis  of  the  recent  finding  that  the  EaCoMT 
gene  in  Xanthobacter  Py2  is  carried  by  a  linear  plasmid,  it  might 
be  speculated  that  similar  elements  are  involved  in  ethene  and 
VC  metabolism.  To  address  these  questions,  we  investigated  10 
mycobacteria  isolated  on  VC  (6  strains)  or  ethene  (4  strains) 
from  a  diverse  range  of  environmental  samples.  EaCoMT 
genes  and  enzyme  activities  were  found  in  all  of  the  strains.  In 
the  VC  degraders,  the  EaCoMT  enzymes  appear  to  be  en¬ 
coded  on  linear  megaplasmids. 

MATERIALS  AND  METHODS 

Isolation  and  growth  of  bacteria.  The  growth  methods  and  media  used  were 
described  previously  (5, 5a).  Six  Mycobacterium  strains  (JS60,  JS61,  JS616,  JS617, 
JS619,  and  JS621)  that  grow  on  VC  and  ethene  were  previously  isolated  (5)  from 
groundwater  (Plaquemine,  La.),  activated  sludge  (Ithaca,  N.Y.),  pond  sediment 
(Carlyss,  La.),  activated  carbon  (Dortmund,  Germany),  aquifer  sediment  (Travis 
Air  Force  Base,  Calif.),  and  groundwater  (Moody  Air  Force  Base,  Ga.),  respec¬ 
tively.  Several  mycobacteria  that  grow  on  ethene  (but  not  VC)  were  isolated  by 
enrichment  culture  as  described  previously  (5),  except  that  ethene  was  added  to 
the  headspace  as  the  sole  carbon  source  (16  ml/160-ml  bottle)  and  incubation 
was  at  30“C.  Strains  JS622  and  JS623  were  derived  from  sandy  garden  soil 
(Panama  City,  Fla.),  strain  JS624  was  from  grass  rhizosphere  soil  (Central  Park, 
New  York,  N.Y.),  and  strain  JS625  was  from  decomposing  tree  bark  (Washing¬ 
ton,  D.C.).  The  isolates  were  identified  by  16S  rRNA  gene  (rDNA)  sequencing. 
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Effects  of  CoM  on  growth  and  enzyme  activity.  EaCoMT  activity  was  assayed 
in  cell  extracts  as  described  elsewhere  (5a).  Extracts  from  strains  JS61,  JS6I6, 
JS617,  JS619,  and  JS621  were  prepared  from  VC-grown  cells,  whereas  extracts 
from  strains  JS622,  JS623,  JS624,  and  JS625  were  prepared  from  ethene-grown 
cells.  The  effect  of  CoM  on  growing  cultures  of  strain  JS623  was  investigated  by 
monitoring  ethene  consumption  and  epoxyethane  accumulation  in  50-ml  cultures 
growing  on  ethene  (10%,  vol/vol)  as  the  sole  carbon  source,  either  with  or 
without  CoM  (10  p,M)  added.  Ethene  and  epoxyethane  were  quantified  by  gas 
chromatography  of  headspace  samples  (5a).  Control  cultures  of  strain  JS623 
containing  glucose  (1%)  and  Tween  80  (0.05%)  in  the  presence  and  absence  of 
CoM  were  monitored  by  measurement  of  optical  density  at  600  nm. 

DNA  extraction  and  PCR  amplification  of  EaCoMT  genes.  Genomic  DNA  was 
extracted  either  by  a  previously  reported  method  (5)  or  by  bead  beating  as 
follows.  Cultures  were  grown  for  3  to  6  weeks  on  1/10-strength  Trypticase  soy 
agar  plates  containing  1%  glucose  (5).  Cells  scraped  from  one  plate  were  washed 
in  1  ml  of  STE-Tween  buffer  (100  mM  NaCl,  10  rnM  Tris,  50  mM  EDTA,  0.1% 
Tween  80,  pH  8.0),  suspended  in  1  ml  of  the  same  buffer,  and  added  to  a 
screw-cap  tube  containing  1  ml  of  STE-TWeen-saturated  silica-zirconia  beads 
(0.1-mm  diameter).  The  mixture  was  subjected  to  bead  beating  (Mini-Bead- 
beater;  BioSpec  Products)  at  high  speed  for  2  min,  and  the  lysate  was  purified  by 
phenol-chloroform  extraction  and  ethanol  precipitation  (27).  The  bead  beating 
method  was  superior  to  the  enzymatic-chemical  lysis  method  (5)  in  terms  of 
DNA  yield  and  time,  but  the  recovered  DNA  was  of  somewhat  lower  quality, 
presumably  because  of  shearing  forces.  PCR  was  done  essentially  as  described 
elsewhere  (Coleman  and  Spain,  submitted),  with  annealing  at  60°C  for  30  s  and 
5  ng  of  genomic  DNA  added  as  the  template.  Primers  CoM-FIL  (5'-AACTAC 
CCSAAYCCSCGCTGGTACGAC-3')  and  CoM-R2E  (5’-GTCGGCAGTTTC 
GGTGATCGTGCTCTTGAC-3')  were  designed  from  conserved  regions  of  the 
EaCoMT  genes  of  Mycobacterium  strain  JS60,  Rhodococcus  strain  B-276,  and 
Xanthobacter  strain  Py2  (GenBank  accession  numbers  AY243034,  AF426826, 
and  X79863). 

Preparation  of  cell  plugs  and  PFGE.  Cultures  (700  ml)  of  Mycobacterium 
strains  JS60,  JS61,  JS616,  JS617,  JS619,  and  JS621  were  grown  on  ethene  until 
mid-exponential  phase,  glycine  (0.5%)  and  ampicillin  (200  pg/ml)  were  added, 
and  then  incubation  was  continued  overnight.  Cells  were  pelleted  and  frozen  in 
aliquots  at  -80°C.  After  thawing,  the  cell  pellets  (50  to  100  pi)  were  washed  in 
STE-Tween,  suspended  in  molten  agarose  (0.5  to  1.0  ml,  1%  in  0.5  X  TBE  buffer) 

(27) ,  and  pipetted  into  plug  molds.  The  optical  density  at  600  nm  of  cells  in  the 
plugs  ranged  from  20  to  80,  requiring  individual  optimization  for  each  strain. 
Plugs  (typically  5  to  10)  were  treated  with  lysozyme  (50  mg  in  5  ml  of  STE)  at 
37°C  overnight,  rinsed  in  wash  buffer  (20  mM  Tris,  50  mM  EDTA,  pH  8),  and 
then  treated  with  proteinase  K  (5  mg  in  5  ml  of  sodium  lauiyl  sarcosinate  [1%], 
sodium  deoxycholate  [0.2%],  EDTA  [0.1  M,  pH  8])  for  24  h  at  60°C.  Plugs  were 
rinsed  three  times  in  wash  buffer  and  stored  in  the  same  buffer  at  4°C.  Contour- 
clamped  homogeneous  electric  field  (CHEF)  pulsed-field  gel  electrophoresis 
(PFGE)  was  done  in  1%  agarose  gels  (0.5X  TBE)  at  14°C,  6  V/cm,  and  a  120° 
angle,  with  the  switching  time  ramped  from  10  to  40  s  over  18  h  (CHEF-DR11I 
system;  Bio-Rad).  Lambda  phage  concatemers  (Bio-Rad)  used  as  molecular 
weight  markers  were  regenerated  by  heating  at  45°C  for  25  min  before  use. 

Southern  blotting.  Southern  blot  assays  were  performed  via  standard  methods 

(28) ,  and  the  ECL  kit  (Amersham-Pharmacia)  was  used  for  detection.  In  South¬ 
ern  blots  from  standard  agarose  gels,  acid  depurination  was  omitted,  while  for 
PFGE  gels,  this  step  was  replaced  with  a  nicking  procedure  (CHEF-DRIII 
instructions;  Bio-Rad),  in  which  the  gel  was  stained  for  30  min  in  1  pg  of 
ethidium  bromide  per  ml  and  then  subjected  to  UV  radiation  at  60  mJ/cm2 
(Stratagene  UV  cross-linker).  The  probe  used  for  Southern  blotting  in  all  cases 
was  an  891-bp  region  of  the  strain  JS60  EaCoMT  gene,  amplified  by  PCR  with 
the  CoM-FIL  and  CoM-R2E  primers. 


RESULTS  AND  DISCUSSION 

Isolation  of  ethene-assimilating  bacteria.  To  complement  a 
previously  isolated  set  of  VC-assimilating  bacteria  (5),  four 
bacteria  that  grow  on  ethene  were  isolated  from  soil  samples 
with  no  known  exposure  to  chlorinated  ethenes.  Partial  se¬ 
quencing  of  16S  rDNA  indicated  that  all  four  isolates  were 
distinct  and  were  strains  of  Mycobacterium.  On  the  basis  of  a 
421-bp  alignment  of  the  16S  rDNAs,  the  closest  species 
matches  were  JS622-AL  rhodesiae  (98.3%  identity),  JS623-M 
smegmatis  (96.7%  identity),  JS624-M  peregrinum  (97.9%  iden- 


TABLE  1.  EaCoMT  activity  in  cell  extracts  of  alkene-assimilating 
Mycobacterium  strains 


Strain 

Isolation  and 
growth  substrate 

EaCoMT  activity" 
(nmol/min/mg  of  protein) 

CoM  added 

No  cofactor 

JS60 

VC 

980  (930-1,060)* 

0(0)* 

JS61 

VC 

2,910  (2,330-3,490) 

110(70-160) 

JS616 

VC 

1,800  (1,710-1,890) 

10  (0-20) 

JS617 

VC 

900  (710-1,090) 

30  (20-40) 

JS619 

VC 

1,920  (1,880-1,960) 

130  (130) 

JS621 

VC 

790 (780-800) 

110(110) 

JS622 

Ethene 

930  (850-1,000) 

50  (0-100) 

JS623 

Ethene 

590 (400-780) 

60  (0-120) 

JS624 

Ethene 

470  (440-500) 

10  (0-20) 

JS625 

Ethene 

380  (290-460) 

0(0) 

•  The  results  are  averages  of  two  assays,  and  the  ranges  are  in  parentheses. 
Reaction  mixtures  (1  ml)  contained  0.1  mg  of  protein,  5  pmol  of  epoxyethane, 
and  10  pmol  of  CoM.  Specific  activities  were  calculated  from  the  epoxyethane 
depletion  rate  after  subtraction  of  the  appropriate  abiotic  rate  of  epoxyethane 
loss  (either  2.5  nmol/min  in  Tris  buffer  or  13  nmol/min  in  Tris  buffer  plus  CoM). 
b  From  a  previous  study  (5a). 


tity),  and  JS625-M  mageritense  (99.0%  identity).  The  GenBank 
accession  numbers  of  the  16S  rDNA  sequences  of  the  four 
strains  are  AY162027  to  AY162030.  None  of  the  four  isolates 
grew  on  VC  (data  not  shown). 

EaCoMT  activity  is  widespread  in  alkene-assimilating  my¬ 
cobacteria.  CoM-dependent  epoxyethane  metabolism  was 
found  in  cell  extracts  of  all  of  the  VC-  and  ethene-assimilating 
Mycobacterium  strains  examined  (Table  1).  Very  little  ep¬ 
oxyethane  transformation  occurred  in  reaction  mixtures  with¬ 
out  added  CoM.  The  low  activities  in  some  reaction  mixtures 
that  were  not  supplemented  with  CoM  may  have  been  due  to 
endogenous  levels  of  CoM  in  the  cell  extracts  or  to  the  activity 
of  other  epoxide-transforming  enzymes.  Extracts  from  VC- 
grown  cells  of  the  strains  originally  isolated  on  VC  had  gener¬ 
ally  higher  levels  of  EaCoMT  activity  (1,550  ±  821  nmol/ 
min/mg  of  protein)  than  extracts  from  ethene-grown  cells  of 
the  strains  isolated  on  ethene  (592  ±  241  nmol/min/mg  of 
protein). 

Previous  work  (5a)  indicated  almost  identical  levels  of 
EaCoMT  activity  in  ethene-  and  VC-grown  cells  of  strain  JS60. 
Therefore,  the  higher  activities  in  extracts  from  VC-grown  cells 
(Table  1)  are  more  likely  due  to  the  fact  that  these  strains  were 
originally  isolated  on  VC,  rather  than  because  VC  was  used  as 
the  growth  substrate  in  this  particular  experiment.  Higher 
EaCoMT  activities  might  be  expected  in  the  VC-assimilating 
strains  if  EaCoMT  plays  a  role  in  chlorooxirane  metabolism 
(5a)  because  chlorooxirane  is  much  more  unstable  and  reactive 
than  epoxyethane  (aqueous  half  lives  of  90  s  [15]  and  13  days 
[35],  respectively).  Higher  EaCoMT  activity  is  unlikely  to  be 
the  sole  reason  for  the  ability  of  some  strains  to  grow  on  VC  in 
addition  to  ethene.  For  example,  strain  JS622  displayed  higher 
EaCoMT  activity  than  did  strains  JS617  and  JS621,  yet  the 
latter  two  strains  can  grow  on  VC,  whereas  strain  JS622  can¬ 
not. 

CoM  stimulates  ethene  metabolism  in  growing  cultures  of 
strain  JS623.  Cultures  of  Mycobacterium  strain  JS623  accumu¬ 
lated  large  amounts  of  epoxyethane  during  growth  on  ethene, 
in  contrast  to  almost  all  of  the  other  VC  and  ethene  degraders. 
On  the  basis  of  the  finding  of  EaCoMT  in  all  of  the  strains 
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FIG.  1.  Effect  of  CoM  on  ethene  metabolism  in  growing  cultures  of 
strain  JS623.  Symbols:  O,  ethene  in  cultures  without  CoM;  □,  ethene 
in  cultures  with  10  g.M  CoM;  0,  epoxyethane  in  cultures  without 
CoM;  A,  epoxyethane  in  cultures  with  10  pM  CoM.  The  data  shown 
are  averages  of  three  replicate  cultures,  and  the  error  bars  show  the 
standard  deviations,  d,  days. 


(above),  we  hypothesized  that  an  inadequate  supply  of  CoM  in 
the  culture  might  be  responsible  for  epoxyethane  accumula¬ 
tion.  Addition  of  10  p,M  CoM  to  the  MSM  minimal  medium 
accelerated  ethene  consumption  in  cultures  of  strain  JS623  and 
eliminated  the  accumulation  of  epoxyethane  (Fig.  1).  CoM  did 
not  stimulate  the  growth  of  strain  JS623  on  glucose  (data  not 
shown),  suggesting  that  the  effect  was  specific  to  ethene  me¬ 
tabolism.  While  an  EaCoMT  enzyme  is  present  in  all  of  the  VC 
and  ethene  degraders  examined,  the  ability  of  the  strains  to 
biosynthesize  CoM  may  vary.  It  should  therefore  be  noted  that 
the  EaCoMT  activities  measured  in  cell  extract  experiments 
with  excess  CoM  (Table  1)  may  be  higher  than  the  in  vivo 
activities  in  growing  cultures,  where  limitations  in  the  biosyn¬ 
thesis  or  recycling  of  CoM  could  affect  the  reaction  rate. 

PCR  amplification  of  EaCoMT  genes  from  Mycobacterium 
strains.  PCR  with  primers  CoM-FIL  and  CoM-R2E  yielded 
strong  products  of  the  expected  size  (891  bp)  from  all  of  the 
VC-  and  ethene-assimilating  Mycobacterium  strains  tested 
(Fig.  2).  The  891-bp  PCR  products  were  cloned  and  se¬ 
quenced,  and  all  were  revealed  to  be  partial  EaCoMT  genes 
(GenBank  accession  numbers  AY243035  to  AY243043).  The 
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FIG.  2.  PCR  amplification  of  EaCoMT  gene  fragments  from 
ethene-  and  VC-assimilating  mycobacteria  with  the  CoM-FIL  and 
CoM-R2E  primers.  The  propene  degrader  Rhodococcus  strain  B-276 
was  included  as  a  positive  control.  Molecular  size  markers  are  in  lanes 
M. 


680-bp  amplicon  from  strain  JS625  was  primed  at  both  ends 
with  CoM-FIL  and  bore  no  resemblance  to  EaCoMT  genes. 
This  sequence  contained  one  large  partial  open  reading  frame 
(183  amino  acids)  that  was  somewhat  similar  to  hypothetical 
protein  Rv2624c  from  Mycobacterium  tuberculosis  (26.4%  iden¬ 
tity).  The  faint  secondary  products  seen  in  amplifications  with 
the  strain  JS621  and  JS622  DNAs  were  not  investigated  fur¬ 
ther. 

Only  one  EaCoMT  sequence  was  obtained  from  each  of  the 
891-bp  PCR  products  (two  or  three  cloned  amplicons  were 
sequenced  in  each  case),  but  it  is  possible  that  multiple 
EaCoMT  genes  exist  in  the  strains.  Thus,  the  enzyme  activities 
in  Table  1  cannot  be  attributed  rigorously  to  the  EaCoMT 
genes  that  were  sequenced.  To  address  this  issue,  we  prepared 
Southern  blots  from  EcoKV  or  Sphl  digests  of  genomic  DNAs 
from  the  strains  and  probed  them  with  the  891-bp  EaCoMT 
PCR  product  from  strain  JS60.  In  the  EcoRV  digests  of  strains 
JS61,  JS617,  JS619,  and  JS621  and  the  Sphl  digests  of  strains 
JS61  and  JS621,  a  single  strongly  hybridizing  band  was  seen 
(data  not  shown).  In  blots  from  restriction  digests  of  the  other 
strains,  a  smear  of  hybridizing  DNA  was  seen  but  there  were 
no  discrete  bands.  Such  results  could  be  due  to  bead  beater- 
induced  DNA  shearing  or  to  nonspecific  nuclease  activity.  Fur¬ 
ther  experiments  with  higher-quality  DNA  preparations  and  a 
wider  range  of  restriction  enzymes  are  required  to  clarify  our 
initial  data,  but  the  results  obtained  thus  far  suggest  that  a 
single  EaCoMT  allele  is  present  in  strains  JS61,  JS617,  JS619, 
and  JS621.  Similar  methods  used  in  a  previous  study  (5a) 
indicated  that  only  a  single  EaCoMT  gene  was  present  in  strain 
JS60. 

Sequence  analysis  of  Mycobacterium  EaCoMT  genes.  In 
silico  translation  of  the  EaCoMT  gene  fragments  revealed  a 
278-amino-acid  open  reading  frame  in  all  cases.  The  histidine 
and  the  first  cysteine  residue  of  the  His-X-Cys-Xn-Cys  motif 
involved  in  zinc  binding  in  the  Xanthobacter  strain  Py2 
EaCoMT  enzyme  (17)  were  identified  in  each  of  the  deduced 
amino  acid  sequences  (the  second  cysteine  residue  lay  outside 
the  region  amplified).  Phylogenetic  analysis  of  the  Mycobacte¬ 
rium,  Xanthobacter  strain  Py2,  and  Rhodococcus  strain  B-276 
EaCoMT  genes  (Fig.  3)  showed  that  the  Mycobacterium  se¬ 
quences  clustered  together,  having  80.5  to  99.9%  sequence 
identity  with  each  other,  68.7  to  70.5%  identity  with  the  B-276 
gene,  and  52.6  to  55.9%  identity  with  the  strain  Py2  gene 
(percentages  from  a  PHYLIP  DNA  distance  similarity  table 
(10).  In  several  cases,  almost  identical  EaCoMT  sequences 
were  obtained  from  strains  derived  from  geographically  distant 
samples.  For  example,  three  base  changes  or  fewer  (0.12  to 
0.36%  difference)  separated  the  EaCoMT  sequences  of  strains 
JS619  (California),  JS624  (New  York),  and  JS625  (Washing¬ 
ton,  D.C.),  whereas  the  16S  rDNA  sequences  of  these  three 
strains  were  separated  by  1.79  to  5.13%.  Similar  observations 
of  highly  conserved  catabolic  genes  in  phylogenetically  diverse 
bacterial  strains  are  not  uncommon  in  the  biodegradation  lit¬ 
erature  (13,  23). 

The  tree  topologies  estimated  from  the  EaCoMT  and  16S 
rDNA  sequences  have  numerous  differences  (Fig.  3).  Assum¬ 
ing  vertical  inheritance  of  16S  rDNA,  this  suggests  that  lateral 
gene  transfer  (LGT)  of  EaCoMT  genes  has  occurred  (30).  The 
LGT  hypothesis  is  supported  by  the  fact  that  the  EaCoMT 
genes  are  in  many  cases  more  similar  to  each  other  than  are  the 
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FIG.  3.  Comparative  phytogeny  of  EaCoMT  and  16S  rDNAs  from  alkene-oxidizing  bacteria.  The  geographical  origins  and  isolation  substrates 
of  the  JS  strains  (all  Mycobacterium  spp.)  are  shown.  Alignments  and  neighbor-joining  trees  were  generated  with  ClustalX  and  Tree  View,  with 
Xanthobacter  as  the  outgroup.  The  16S  rDNA  alignment  was  manually  adjusted  by  removing  nucleotides  at  ambiguous  positions.  Percent  bootstrap 
values  from  100  trees  are  shown  at  the  nodes.  Because  16S  rDNA  sequences  for  Rhodococcus  strain  B-276  and  Xanthobacter  strain  Py2  were  not 
available,  the  sequences  from  Rhodococcus  rhodochrous  ATCC  271T  and  Xanthobacter  autotrophicus  JW33  were  substituted. 


(slow-evolving)  16S  rDNAs.  We  used  the  maximum-likeli¬ 
hood-based  Shimodaira-Hasegawa  test  (28)  in  PAUP*bl0  (29) 
to  test  the  null  hypothesis  that  the  two  genes  in  each  strain 
have  the  same  evolutionary  history.  On  the  basis  of  the  16S 
rDNA  data  set,  the  likelihood  scores  of  the  two  topologies 
shown  in  Fig.  3  were  estimated  (GTR+I+G  model  in  Mod- 
eltest)  (24)  to  be  -1,508.37  (16S  rDNA)  and  -1,550.33 
(EaCoMT).  The  latter  is  significantly  lower  than  the  former 
(P  <  0.0001),  and  thus  it  is  unlikely  that  the  two  genes  have  the 
same  evolutionary  history.  On  the  basis  of  bootstrap  values 
(Fig.  3),  the  strongest  case  for  LGT  concerns  the  EaCoMT 
genes  of  strains  JS623  and  JS619.  Indeed,  when  these  strains 
were  removed  from  the  data  sets  and  the  Shimodaira-Hase¬ 
gawa  test  was  repeated,  no  significant  differences  between  the 
likelihood  scores  were  found  (likelihood  scores  of  —1,419.10 
and  -1,418.65;  P  =  0.381).  We  conclude  that  rigorous  statis¬ 
tical  support  for  LGT  only  exists  in  the  cases  of  strains  JS619 
and  JS623. 

Analysis  of  plasmids  by  PFGE  and  Southern  blotting.  On 
the  basis  of  the  phylogenetic  evidence  of  lateral  transfer  of 
Mycobacterium  EaCoMT  genes  (above)  and  the  finding  of 
plasmid-borne  propene  metabolism  genes  in  Rhodococcus 


strain  B-276  and  Xanthobacter  strain  Py2  (18,  26),  we  hypoth¬ 
esized  that  catabolic  plasmids  were  present  in  the  VC-  and 
ethene-assimilating  strains  and  searched  for  such  plasmids  by 
PFGE.  Because  of  difficulties  in  preparing  DNA  plugs  from 
some  of  the  strains  isolated  on  ethene,  we  focused  our  analysis 
on  the  six  VC-assimilating  strains.  CHEF-PFGE  revealed  one 
strong  plasmid  band  and  several  fainter  plasmid  bands  in  each 
of  the  six  strains  investigated  (Fig.  4A).  All  of  the  bands  mi¬ 
grated  at  the  same  positions  relative  to  the  linear  markers 
when  the  pulse  conditions  were  altered  (20  to  80  s  over  18  h; 
data  not  shown),  indicating  that  the  plasmids  were  linear 
rather  than  circular  (4). 

After  Southern  blotting  of  the  pulsed-field  gels,  probing  with 
the  strain  JS60  EaCoMT  gene  resulted  in  hybridization  signals 
with  the  strong  plasmid  band  in  most  of  the  strains  (Fig.  4B). 
The  simplest  hypothesis  (i.e.,  that  the  genes  are  plasmid  borne) 
is  complicated  by  the  additional  strong  probe  binding  at  the 
“compression  zone”  (3,  20)  and  because  of  the  weak  probe 
hybridization  with  some  of  the  smaller  plasmids.  The  multiple 
signals  could  be  due  to  multiple  copies  of  the  EaCoMT  gene  in 
the  Mycobacterium  strains,  the  resolution  of  different  forms  of 
the  same  plasmid  in  the  gel,  or  nonspecific  binding  of  the 
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FIG.  4.  (A)  Ethidium  bromide-stained  CHEF-PFGE  gel  showing  plasmids  in  VC-assimilating  Mycobacterium  strains.  (B)  Southern  blot 
prepared  from  a  PFGE  gel  by  using  the  JS60  EaCoMT  gene  as  the  probe.  Lambda  concatemer  markers  are  shown  on  the  left  and  right  and  apply 
to  both  the  blot  and  the  gel. 


probe.  Southern  blots  from  restriction  digests  of  total  DNA 
(above)  seem  to  eliminate  the  possibility  of  multiple  EaCoMT 
gene  locations,  but  duplication  of  a  large  region  of  DNA  would 
be  consistent  with  both  results.  The  presence  of  multiple  plas¬ 
mid  forms  is  also  a  possibility.  Concatemers  of  circular  plas¬ 
mids  occur  in  Streptomyces  strains  (14),  and  a  combination  of 
linear  and  circular  forms  of  the  same  plasmid  in  a  single  bac¬ 
terium  is  common  (3).  Signals  from  both  the  compression  zone 
and  plasmid  band  were  seen  in  Southern  blotting  experiments 
with  Rhodococcus  strain  B-276  (26),  in  which  the  alkene  mono¬ 
oxygenase  genes  were  clearly  plasmid  borne  (on  the  basis  of 
the  lack  of  plasmid  in  propene-negative  mutants).  The  authors 
of  that  study  attributed  the  probing  result  to  nonspecific  bind¬ 
ing  at  the  compression  zone  because  of  the  larger  amount  of 
DNA  there.  It  is  possible  that  the  signal  from  the  compression 
zone  in  our  study  is  due  to  the  EaCoMT  probe  hybridizing  to 
chromosomal  methionine  synthase  (metE),  which  encodes  a 
zinc-dependent  enzyme  with  some  sequence  similarity  to 
EaCoMT  (17). 

Implications  of  this  study.  We  found  EaCoMT  activity  and 
genes  in  all  of  the  alkene-oxidizing  mycobacteria  that  we  ex¬ 
amined,  including  strains  isolated  on  both  VC  and  ethene. 
EaCoMT  genes  were  not  found  in  BLAST  database  searches 
of  Mycobacterium  genomes  (or  any  other  genomes)  that  have 
been  completed  to  date,  indicating  that  EaCoMT  is  specific  to 
the  alkene-assimilation  pathway.  It  remains  to  be  determined 
whether  EaCoMT  is  involved  in  the  VC  and  ethene  assimila¬ 
tion  pathways  of  Pseudomonas  (33,  34)  and  Nocardioides  (5) 
strains.  The  EaCoMT  gene  primers  we  have  developed  could 
be  used  to  address  this  question.  In  addition,  such  primers  will 
be  very  useful  for  culture-independent  monitoring  of  microbial 
populations  during  the  natural  attenuation  or  bioremediation 
of  chlorinated  ethenes.  Such  methods  are  particularly  relevant 


for  mycobacteria,  which  are  slow  growing  and  sometimes  dif¬ 
ficult  to  isolate  in  pure  culture  (5). 

The  10  VC  and  ethene  degraders  we  studied  were  scattered 
throughout  the  genus  Mycobacterium,  with  no  apparent  corre¬ 
spondence  seen  between  phylogeny  and  alkene  growth  sub¬ 
strate.  Although  EaCoMT  activities  tended  to  be  higher  in  the 
VC  degraders  than  in  the  ethene  degraders,  it  is  difficult  to 
compare  these  results  because  of  the  use  of  different  growth 
substrates  in  experiments  with  each  group  of  strains.  Sequenc¬ 
ing  of  EaCoMT  genes  did  not  reveal  any  signature  regions  that 
discriminated  between  the  VC-  and  ethene-assimilating 
strains,  and  indeed,  in  the  case  of  strains  JS619  (VC)  and  JS625 
(ethene),  only  a  single  nucleotide  difference  separated  the 
EaCoMT  PCR  products.  An  important  question  arising  from 
our  work  therefore  concerns  the  distinction  between  bacteria 
that  can  grow  on  both  VC  and  ethene  and  those  that  grow  on 
ethene  alone. 

There  is  good  evidence  in  at  least  one  case  that  VC  degrad¬ 
ers  evolved  directly  from  ethene-degraders — this  was  observed 
in  vitro  With  Pseudomonas  strain  DL1  (34).  The  transition  from 
ethene  to  VC  assimilation  could  be  due  to  recruitment  of  an 
additional  catabolic  enzyme  (23),  changes  in  enzyme  specificity 
(25),  or  alteration  of  enzyme  expression  levels  (31).  With  re¬ 
spect  to  enzyme  specificity  and  expression  level,  it  is  interesting 
that  although  the  EaCoMT  gene  sequences  of  strains  JS619 
and  JS625  were  almost  identical,  the  EaCoMT  activity  in  cell 
extracts  was  fivefold  higher  in  strain  JS619.  Sequencing  of 
complete  EaCoMT  genes  and  flanking  DNA  and  analysis  of 
the  activity  of  other  catabolic  enzymes  may  help  to  shed  light 
on  the  factors  that  distinguish  ethene-  and  VC-assimilating 
bacteria  and  yield  insights  into  the  possible  evolution  of  the 
latter  group  from  the  former. 

The  EaCoMT  gene  appears  to  be  carried  on  large  linear 
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plasmids  in  VC-degrading  strains.  On  the  basis  of  the  gene 
organization  in  Mycobacterium  strain  JS60  (5a),  it  is  likely  that 
the  alkene  monooxygenase  genes  are  also  present  on  the  same 
plasmids.  Cryptic  linear  plasmids  have  previously  been  identi¬ 
fied  in  various  pathogenic  Mycobacterium  strains  (19,  21,  22) 
and  in  ethene-oxidizing  Mycobacterium  strain  E-l-57  (26). 
Only  one  previous  study  (36)  has  associated  a  specific  catabolic 
function  (morpholine  biodegradation)  with  plasmids  in  myco¬ 
bacteria.  Our  results  indicate  that  catabolic  plasmids  are  more 
widespread  in  this  genus  than  was  previously  believed.  Plas- 
mid-bome  genes  for  ethene  and  VC  biodegradation  could  po¬ 
tentially  be  transferred  among  bacteria  in  the  environment  (8, 
13),  and  thus,  further  investigation  of  such  elements  is  war¬ 
ranted  in  light  of  the  potential  importance  of  the  alkene-de- 
grading  phenotype  to  bioremediation  and  natural  attenuation 
processes  (5). 
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